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Phosphorus (P) in conventional soybean [Glycine max (L.) Merr.] seed consists of 
~4% inorganic P, ~25% other P, and ~11 % phytate P. Nonruminant livestock lack sufficient 
amounts of the phytase enzyme in their digestive system and are unable to utilize phytate P. 
A low-phytate (LP) mutant with ~25% phytate P, ~37% other P, and ~38% inorganic P was 
developed by the USDA-ARS and Purdue University. 
The first objective of this study was to determine the inheritance of low phytate in 
progeny of a line derived from the LP mutant. Reciprocal crosses were made with a normal 
phytate (NP) line and all the F 1 seeds had NP, indicating complete dominance for NP and no 
maternal effects. A phenotypic ratio of 15 NP: 1 LP satisfactorily fit the segregation of a 2-
gene model, based on a sample of 210 F2 seeds. The Fi-derived lines satisfactorily fit a ratio 
of7 homogeneous NP: 8 segregating: 1 homogeneous LP. The segregation indicated that 
LP was controlled by two recessive alleles at two independent loci that exhibited duplicate 
dominant epistasis. The alleles were designated phal and pha2. 
The second objective of this study was to determine the influence of LP on agronomic 
and seed traits of three soybean populations. From each population, 10 LP and 10 NP lines 
were grown in replicated tests at three Iowa environments in 2003. Phytate P, inorganic P, 
and other P were significantly different between the LP and the NP lines, but the mean total P 
was not significantly different. Emergence of LP lines averaged 45% and NP lines averaged 
68%. Correlation coefficients between emergence and inorganic P, total P, and other P were 
negative for LP lines in all populations. These results indicated that by selecting for 
increased emergence among LP lines it would likely lead to a decrease in inorganic P, total P, 
and other P. There was also a significant positive correlation between yield and emergence 
VI 
for LP lines. LP lines were comparable to NP lines for other agronomic and seed traits. 
Reduced emergence in LP lines with the genotype phalphalpha2pha2 will be a major 
consideration in the development of LP cultivars. 
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GENERAL INTRODUCTION 
Phosphorus (P) in soybean [Glycine max (L.) Merr.] seed consists of phytate P, 
inorganic P, and other P. The phytate P content of soybean meal from conventional cultivars 
used as a protein source for livestock is ~.3 g kg"1 and inorganic P content is ~o. 7 g kg"1 
(Wilcox et al., 2000). Other P is the phytate P and inorganic P subtracted from the total P 
and consists of all other P-containing compounds such as DNA, RNA, proteins, lipids, and 
starches. Nonruminant livestock have difficulty digesting phytate P in soybean meal due to 
the lack of sufficient phytase in their digestive tract (Erdman, 1979). Phytate P is responsible 
for binding important nutrients, specifically zinc, calcium, and magnesium, which makes it 
difficult for nonruminants to obtain those necessary nutrients from soybean meal (Raboy et 
al., 1984). By developing soybeans with low phytate (LP), phytate P content of soybean 
meal will decrease and inorganic P content will increase, which in turn will decrease the need 
for P supplements and reduce fecal P (Cromwell, 2002; Cromwell et al., 2000a; Spencer et 
al., 2000). 
Iowa State University established a breeding program in 2001 with a LP breeding 
line, CX1834-1-6, obtained from J.R. Wilcox, USDA-ARS and Purdue University. 
According to research reported by Wilcox et al. (2000), it was assumed that LP in CXl 834-
1-6 was controlled by a single major allele. 
Agronomic and seed traits are important when breeding cultivars with LP. LP 
cultivars must be competitive with conventional cultivars that have normal phytate (NP) 
content for agronomic and seed traits, such as field emergence, yield, and seed composition. 
There have been no studies reported on the effects of LP controlled, by phal andpha2, on 
agronomic and seed traits. 
Importance of low phytate 
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LITERATURE REVIEW 
About 75% of the Pin soybean is stored as phytate P, which cannot be digested by 
nonruminant livestock, such as swine and poultry (Erdman, 1979). Nonruminant livestock 
lack sufficient amounts of the enzyme phytase in their digestive tract that is needed for the 
normal digestion of phytate P (Erdman, 1979). When nonruminant livestock are fed soybean 
meal as a protein source, supplemental P and synthetic phytase are added to meet their 
nutritional requirements for P. Undigested phytate P passes through the animal into their 
manure (Cromwell, 2002; Cromwell et al., 2000a; Spencer et al., 2000). 
Low-phytate (LP) soybean meal has reduced phytate P and increased inorganic P. By 
reducing the phytate P and increasing the inorganic P content of soybean meal, the nutritional 
value of soybean meal will increase without the addition of supplemental P and the amount 
of Pin nonruminant manure will decrease (Cromwell, 2002; Cromwell et al., 2000a; Spencer 
et al., 2000). 
Development of CXJ 834-1-6 
Wilcox et al. (2000) developed mutant lines that had about 1.9 g kg"1 phytate P and 
3.1 g kg-1 inorganic P using a procedure patented by Raboy (2000). The mutants were 
developed by treating the breeding line CX1515-4 with ethyl methanesulfonate. The M1 and 
M1 generations were grown at the Purdue University Agronomy Research Center and the M3 
seeds from M2 plants were tested for LP. LP lines originated from two M1 plants that were 
designated M153 and M766. The segregation of progeny from M153 and M766 indicated 
that they contained independent mutations for LP. Wilcox et al. (2000) found that the mutant 
3 
lines had an increase in inorganic P that was equivalent to the decrease in phytate P; 
therefore, the total seed P was similar to that of conventional cultivars. 
The LP breeding line CX1834-1-6 was the highest yielding F3:5 line from the cross of 
Athow x M153-1-4-6-14 evaluated in replicated yield trials at West Lafayette, IN, during 
2000 (J.R. Wilcox, personal communication, 2001). The inheritance of LP in CX1834-1-6 
has not been determined. 
Agronomic and seed traits of low-phytate lines 
Meis et al. (2003) studied LP soybean lines homozygous for the mips allele (mips 
lines) and NP lines homozygous for the Mips allele (Mips lines). The mips lines had reduced 
phytate P and reduced raffinose saccharides. They reported that the mean field emergence of 
mips lines was less than Mips lines, particularly when the seed was produced in a subtropical 
environment. The mips lines grown from a temperate seed source had a mean field 
emergence of 63 % and the same lines grown from a subtropical seed source had mean field 
emergence of 8%. Mips lines from the temperate seed sources had a mean field emergence 
of 77% and from the subtropical seed sources had a mean field emergence of 83%. They 
used a tetrazolium test to compare the viability of the seed from the temperate and 
subtropical seed sources. The seed viability was 88% for mips lines from temperate seed 
sources and 70% for subtropical seed sources. The tetrazolium test was not very effective for 
estimating the reduced field emergence of mips lines from subtropical seed sources. Warm 
germination and cold vigor tests did not detect differences in field emergence between mips 
and Mips lines from temperate seed sources. Accelerated aging tests were effective for 
predicting the differences in field emergence between mips and Mips lines for both temperate 
4 
and subtropical seed sources. They reported that it may be possible to predict field 
emergence using the accelerated aging test in soybean lines with other novel traits. 
Meis (2002) reported that mips lines had 46% less emergence and a 25% reduction in 
yield when compared to Mips lines. There were no consistent differences across seven 
populations between mips and Mips lines for maturity, lodging, plant height, protein, and oil. 
He reported that if emergence could be improved it should be possible to develop cultivars 
with the mips allele that perform as well as cultivars with the Mips allele for agronomic and 
seed traits. 
Feeding trial results 
Phosphorus (P) is an important mineral in livestock that is required for bone growth 
and many bodily functions. Nonruminants lack sufficient phytase in their digestive system to 
obtain P from phytate P, which increases the P content of their manure. P from manure can 
leach through the soil contaminating surface water and damaging the environment. One 
strategy that is being studied by scientists is feeding nonruminants meal from plants 
genetically bred to have LP. P availability in meal made with LP grain has been shown to be 
high in poultry and swine (CAST, 2002). 
Feeding trials conducted by Cromwell et al. (2000a) suggested that pigs fed LP com 
and LP soybean meal required less supplemental P and produced waste with up to 55% less 
fecal P than pigs fed NP com and soybean meal. Another study conducted by Cromwell et 
al. (2000b) had similar results that indicated that P in LP soybean meal was two to three 
times more available to growing pigs than P in NP soybean meal. 
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Data Analysis 
The data for each trait in my agronomic and seed trait study were analyzed as a 
randomized complete-block design using the linear model procedure of the SAS statistical 
software (release 8.02)(SAS Institute, 2001). Replications and environments were 
considered random effects. Types and genotypes within types were considered fixed effects. 
The significance of the main effects and interactions were determined by an F-test. The 
environment x main effect interactions were used to test the significance of the main effects 
for all traits in the combined analysis of variance across environments (Table Al). The error 
term was used to test the significance of all effects for all traits at individual environments 
(Table Bl). The error term was used to test the significance of replications and entries in the 
analysis of variance for total P, phytate P, inorganic P, and other P of the 70 entries that were 
evaluated in Appendix D (Table C 1 ). The error term was used to test the significance of all 
effects in the analysis of variance for total P, phytate P, inorganic P, and other P for each 
population (Table C2). Phenotypic correlations among traits were determined using the 
CORR procedure of SAS statistical software (release 8.02)(SAS Institute, 2001 )(Appendices 
F and G). 
The standard error of the mean (SEM) and the least significant difference (LSD) at 
the 0.05 and 0.01 probability levels were calculated for comparing the performance of LP 
and NP lines. The coefficient of variance was computed to measure the precision of the 




CV (%) = .JMSi x 100 
Mean 
LSD =ta~ 2~SE 
MSE = the error mean square for individual locations or the environment x entry 
interaction for combined environments, 
Mean = average of the trait being measured, 
n = number of observations in each mean, and 
t =critical t value at 0.05 and 0.01 probability levels. 
Objectives 
The first objective of my research was to determine the inheritance of LP in the 
breeding line CX1834-1-6. The second objective was to compare LP and NP lines to 
determine the influence of LP on agronomic and seed traits in three soybean populations. 
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CHAPTER!. 
INHERITANCE OF LOW-PHYTATE PHOSPHORUS IN SOYBEAN 
A paper accepted by Crop Science 
Sheilah E. Oltmans, Walter R. Fehr,* Grace A. Welke, and Silvia R. Cianzio 
Abstract 
A reduction in the phytic acid (phytate) content of soybean [Glycine max (L.) Merr.] 
seed would improve the bioavailability of P in rations of nonruminant animals containing 
soybean meal. A soybean mutant with low phytate and increased inorganic P was developed 
by the USDA-ARS and Purdue University. The objective of this study was to determine the 
inheritance of low phytate in a line derived from the mutant. The low-phytate line was 
crossed reciprocally to a line with normal phytate. The F 1 seeds from the reciprocal crosses 
had normal phytate, indicating complete dominance for the wild-type alleles and no maternal 
effects. The segregation of 210 F2 seeds satisfactorily fit a phenotypic ratio of 15:1 normal to 
low phytate. The F2-derived lines satisfactorily fit a ratio of 7:8:1 homogeneous normal 
phytate to segregating to homogeneous low phytate. The segregation ratios indicated that 
low phytate was controlled by recessive alleles designated phal and pha2 at two independent 
loci that exhibited duplicate dominant epistasis. Both of the alleles must be homozygous to 
obtain low-phytate seed. 
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The seeds of conventional soybean cultivars contain ~.3 g kg-1 phytate P and 0.7 g 
kg-I inorganic P (Wilcox et al., 2000). Erdman (1979) suggested that because monogastric 
animals, including humans, swine, and poultry, have little or no phytase activity in their 
digestive system, it would be desirable to remove phytate from cereals and oilseeds. By 
reducing phytate and increasing inorganic P in soybean seed, the amount of supplemental P 
or phytase enzyme added to a ration containing soybean meal could be reduced, and there 
would be less undigested phytate Pin the animal waste (Cromwell et al., 2000; Spencer et al., 
2000; Cromwell, 2002). Lowering the P content of animal waste is important for avoiding 
excess accumulations of the mineral in soils that can result in reduced water quality (Parry, 
1998). 
A procedure for the development of mutants of soybean with low phytate was 
patented by Raboy (2000). It was used successfully by Wilcox et al. (2000) to develop 
mutant soybean lines that had ~ 1. 9 g kg-I phytate P and 3 .1 g kg-I inorganic P. The lines 
originated from two M2 plants designated Ml 53 and M766. Their analysis of segregation in 
the progeny from M153 and M766 suggested that they contained independent mutations for 
low phytate. 
A breeding program for the development of low-phytate soybean cultivars was 
initiated at Iowa State University in 2001 with a low-phytate breeding line, CX1834-1-6, 
obtained from J. R. Wilcox. CX1834-1-6 was an f3:5 line selected from the cross of the 
cultivar 'Athow' with the mutant line M153-1-4-6-14. On the basis of research by Wilcox et 
al. (2000), it was assumed that low phytate was controlled by a single major allele. Crosses 
were made at Iowa State University between CXl 834-1-6 and three lines that had normal 
phytate. When the genotype ofF2 plants were evaluated by testing their individual f3 seeds, 
11 
the genotypic ratio of the F2 generation for the three populations did not fit the expected 
single-gene model. The objective of this study was to determine the inheritance of the low-
phytate trait in the breeding line CXI 834-1-6. 
12 
Materials and Methods 
The mutant line M153-1-4-6-14 developed by Wilcox et al. (2000) was selected from 
a population formed by treatment of the breeding line CXI 515-4 with ethyl 
methanesulfonate. The breeding line CX1834-1-6 was the highest yielding of the low-phytate 
lines from the cross of Athow to M153-l-4-6-14 that were evaluated in replicated yield tests 
at West Lafayette, IN, during 2000 (J. R. Wilcox, personal communication, 2001). 
The line with normal phytate used for this study was AOO-711013 developed by Iowa 
State University. The breeding line A00-711013 is an F4 plant selection from the cross of 
AP1953 to LN94-10470. AP1953 is a cultivar developed by Agripro Seeds, Ames, IA. 
LN94-10470 is a line obtained from the cross of 'Jack' x 'Hartwig,' developed by the 
University of Illinois (Nickell et al., 1990; Anand, 1992). 
The cross of CX 1834-1-6 to AOO-711013 was made at the Agricultural Engineering 
and Agronomy Research Center near Ames, IA, during July 2001 to develop low- and 
normal-phytate lines for evaluation of the influence of the low-phytate trait on agronomic 
and seed characteristics of soybean. The F 1 and parent seeds were planted in the Iowa State 
University-University of Puerto Rico soybean nursery at Isabela, PR, in October 2001. The 
soil type is a Coto clay (very-fine, kaolinitic, isohyperthermic Typic Eutrustox). Simple-
sequence repeat markers were used to confirm that the F 1 plants were hybrids. A random 
sample of 350 F2 seed harvested from the F 1 plants was planted at Isabela in February 2002, 
and each F2 plant was harvested individually to obtain F2:3 lines. 
A random sample of 210 F2:3 lines and the parents were planted at two locations near 
Ames in May 2002 in two sets of 110 entries. Each set included 105 random lines, each of 
the parents, and three breeding lines and cultivars used as checks for agronomic and seed 
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traits. The two sets were grown adjacent to each other as separate experiments in a 
randomized complete-block design with one replication at each location. The soil type at 
both locations is a Nicollet loam (fine-loamy, mixed, superactive, mesic Aquic Hapludoll). 
The entries were planted in single-row plots 0. 76 m long with 1.02 m between rows and an 
alley of 1.07 m between the ends of plots. There were 20 seeds planted in each plot. 
After planting, the 210 F 2:3 lines were evaluated for phytate with 11 individual F 3 
seeds. With a single-gene model, there was a 95% probability that F2:3 lines segregating for 
alleles at one locus could be identified with 11 F 3 seeds (Sedcole, 1977). On the basis of the 
progeny test, there were 127 lines homogeneous for normal phytate, 73 lines segregating, and 
10 lines homogeneous for low phytate, which did not satisfactorily fit the expected 1:2:1 
ratio. Analysis of additional F3 seeds from some of the heterogeneous lines suggested that 
low phytate may be controlled by recessive alleles at two independent loci that exhibit 
duplicate dominant epistasis. 
There was insufficient remnant F3 seeds to evaluate a two-gene model. To genotype 
the F2-derived lines for a two-gene model, a random pod was harvested from each F3 plant in 
the two replications of each line planted at Ames. One F 4 seed from each of 23 pods was 
evaluated for phytate content to identify segregating lines with 95% certainty (Sedcole, 
1977). 
To evaluate dominance and maternal effects for phytate, reciprocal crosses of 
CX1834-1-6 with A00-711013 were made at Ames in July 2002. The female and male 
plants used for crossing were identified. Each of 10 F 1 seeds from the reciprocal crosses and 
a selfed seed from the male and female parent plants of each F 1 seed were cut into portions 
with a razor blade. The one-third of the seed without the embryonic axis was analyzed for 
14 
phytate content and the other part was planted at Isabela in October 2002. Each F1 and 
parent plant was harvested individually. A random sample of 105 F2 seeds from each of the 
reciprocal crosses was evaluated for phytate content. 
The method of analysis for phytate content of all seeds in the study was adapted from 
Chen et al. (1956), Raboy (2000), and Israel (personal communication, 2001). Individual 
seeds or chips of individual seeds were placed in envelopes and crushed with a hammer. 
Each crushed seed was placed in a 12- by 75-mm disposable glass test tube. A 1-mL aliquot 
of 12.5% trichloroacetic acid and 25 mM magnesium chloride was added to each test tube. 
Seeds were soaked in the solution for 3 to 5 min. A 1-mL aliquot of colorimetric reagent that 
was 1 vol 3 M sulfuric acid, 1 vol 2.5% ammonium molybdate, 1 vol 10% ascorbic acid, and 
2 vol redistilled water was added to each test tube. The colorimetric agent was prepared 
daily and the dilution of 10% ascorbic acid was stored at 4°C. Samples were allowed to sit 
for 15 to 20 min. before scoring. Seeds with high inorganic P and low phytate produced a 
solution that was dark blue. Seeds with normal phytate produced a solution that was clear or 
light blue. 
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Results and Discussion 
All the F 1 seeds from the reciprocal crosses had normal phytate. This indicated that 
the alleles controlling low phytate were recessive to the alleles for normal phytate, and there 
were no maternal effects. Although there were no maternal effects, use of a low-phytate 
parent as the female in crosses to homogeneous normal phytate plants in a breeding program 
would make it possible to differentiate F 1 seeds that are hybrids from those that are the result 
of accidental self-pollination. The hybrids would have normal phytate and the seeds from 
accidental self-pollinations would have low phytate. 
There were 197 F2 seeds with normal phytate and 13 with low phytate. The 
segregation satisfactorily fit a phenotypic ratio of 15:1 normal to low phytate with a Chi-
square value of 0.0013 (P > 0.97). The segregation indicated that low phytate was controlled 
by recessive alleles at two independent loci exhibiting duplicate dominant epistasis. 
The phenotype of the 23 F4 seeds analyzed from each of the 210 F2-derived lines was 
used to divide the lines into three classes: homogeneous for normal phytate, segregating for 
phytate, and homogeneous for low phytate. There were 86 lines homogeneous for normal 
phytate, 114 segregating, and 10 homogeneous for low phytate, which satisfactorily fit a 
7:8:1 ratio (Table 1). The results confirmed the two-gene model for inheritance oflow 
phytate in CX 1834-1-6. The recessive alleles for low phytate were designated phal and 
pha2. 
It is not known ifbothphal andpha2 in CX1834-1-6 originated from the mutant 
plant M153. Two mutation events for the same trait may have been present in M153. It also 
is possible that the cultivar Athow had the phal or pha2 allele, but the allele did not confer 
low phytate in the cultivar without the mutant allele from M153. It is not likely that one of 
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the alleles originated from AOO-711013 because the two-gene model has satisfactorily 
described the segregation observed in all the crosses of CX1834-1-6 with multiple normal 
phytate lines in the cultivar development program at Iowa State University. If one of the 
alleles originated from AOO-711013 or the other normal phytate lines, a phenotypic ratio of 
3: 1 normal to low phytate should have been observed for the F 2 seeds of a population. 
Additional research will be needed to determine if the two mutant alleles originated from 
M153. 
The duplicate dominant epistasis exhibited by the alleles at the two loci makes it 
necessary for both recessive alleles to be homozygous before an individual can express the 
low-phytate trait. This simplifies selection of individuals that are true breeding for low 
phytate in a cultivar development program. Individual seeds in a segregating population can 
be analyzed by the nondestructive technique used in this study. All low-phytate seeds will 
produce true-breeding individuals and lines. 
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Table 1. Genotypic classification of210 F2 soybean plants from the cross CX1834-1-6 
(phalphalpha2pha2) x A00-711013 (Pha1Pha1Pha2Pha2) based on a model of 
recessive alleles at two independent loci exhibiting duplicate dominant epistasis. 
Progeny phenotypes 
F2 genotype Normal phytate Lowphytate Expected Observedt 
-------------no.------------





Phalpha1Pha2pha2 x x 105.0 114.0 
orPhalphalpha2pha2 
orphalpha1Pha2pha2 
phalphalpha2pha2 x 13.1 10.0 
t Observed genotypic frequency satisfactorily fit the expected 7: 8: 1 frequency based on a 
Chi-square test (X2 = 1.88, P > 0.38). 
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CHAPTER2. 
AGRONOMIC AND SEED TRAITS OF SOYBEAN LINES WITH 
LOW-PHYTATE PHOSPHORUS 
As prepared for Crop Science 
Sheilah E. Oltmans, Walter R. Fehr,* Grace A. Welke, Victor Raboy, and Kevin L. Peterson 
Abstract 
About 75% of the total Pin conventional soybean [Glycine max (L.) Merr.] seed is 
phytate P, which cannot be readily digested by nonruminant livestock, such as swine and 
poultry. The phytate Pin soybean lines homozygous for the recessive alleles phal and pha2 
is reduced to about 25% of the total P. The objective of this study was to determine the 
influence of low phytate (LP) on agronomic and seed traits of soybean. Three populations 
were developed by crossing three cultivars with normal phytate (NP) to the LP line CX1834-
1-6. From each population, 10 LP and 10 NP lines were selected and grown in replicated 
tests at three Iowa environments during 2003. The mean total P of the LP and NP lines was 
not significantly different, but the mean phytate P, inorganic P, and other P were significantly 
different for the two types of lines in the three populations. The mean seedling emergence of 
the LP lines was 45% compared with 68% for the NP lines. The mean differences between 
the LP and NP lines for the other agronomic and seed traits were not significant in one or 
more of the populations. Reduced seedling emergence will be a major factor to consider in 
the development of commercially viable cultivars with the phalphalpha2pha2 genotype for 
LP. 
Abbreviations: LP, low phytate; NP, normal phytate 
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Phytate Pin soybean meal is largely unavailable to swine, poultry, and other 
nonruminant animals because they have little or none of the phytase enzyme in their 
digestive systems (Erdman, 1979). Phytate P binds to nutritionally beneficial metals 
including zinc, calcium, and magnesium, which reduces their availability to nonruminants 
(Raboy et al., 1984 ). Reducing phytate P and increasing inorganic P in soybean meal would 
increase the amount of P available to nonruminants, decrease the amount of supplemental 
inorganic Padded to their ration, and reduce their fecal P (Cromwell et al., 2000; Spencer et 
al., 2000; Cromwell, 2002). 
Conventional soybean seed contains about 4.3 g kg"1 phytate P and 0.7 g kg-1 
inorganic P (Wilcox et al., 2000). A mutant line with reduced phytate P and increased 
inorganic P was developed using chemical mutagenesis by Wilcox et al. (2000). They 
crossed the LP mutant line to the cultivar 'Athow' to develop the LP breeding line CX1834-
1-6. Oltmans et al. (2004) found that LP in CXl 834-1-6 was controlled by recessive alleles 
at two independent loci that were designated phal and pha2. The two alleles exhibit 
duplicate dominant epistasis, and only individuals homozygous for the two recessive alleles 
have LP. 
The influence of LP on the agronomic and seed traits of soybean lines homozygous 
for phal and pha2 is not known. Meis et al. (2003) compared LP soybean lines homozygous 
for the mips allele with NP lines with the Mips allele and observed that the mips lines had 
significantly less seedling emergence, particularly when the seed was produced in semi-
tropical locations. The objective of our study was to evaluate the agronomic and seed traits 
of LP lines with the phal phal pha2pha2 genotype in comparison with NP lines from the 
same single-cross populations. 
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Materials and Methods 
Three single-cross populations were developed by crossing a LP line to three high-
yielding NP parents. The LP line CX1834-1-6 with the genotype phalphalpha2pha2 was 
obtained from J.R. Wilcox, USDA-ARS and Purdue University. It was selected from a 
population developed by crossing Athowto the mutant line M153-1-4-6-14. M153-1-4-6-14 
was obtained by treating the breeding line CXl 515-4 with ethyl methanesulfonate (Wilcox et 
al., 2000). 
The three NP parents used in this study were developed by Iowa State University: 
'IA1008', 'IA2050', and 'IA2068'. IA1008 was selected from the cross of 'S20-20' x 
'Jack'. S20-20 was a cultivar developed by the Northrup King Co., Minneapolis, MN. Jack 
was developed by the University of Illinois, Urbana, IL (Nickell et al., 1990). IA2050 was 
selected from the cross of 'S24-92' x A91-501002. S24-92 was developed by Northrup King 
Co., Minneapolis, MN. A91-501002 was an experimental line developed by Iowa State 
University. IA2068 was developed from the cross of 'AP1953' x LN94-10470. AP1953 was 
developed by AgriPro Seeds, Ames, IA. LN94-104 70 was developed by the University of 
Illinois from the cross of Jack x 'Hartwig' (Nickell et al., 1990; Anand, 1992). 
The crosses to form the three populations were made in July 2001 at the Agricultural 
and Agronomy Research Center near Ames, IA. The cross ofIA1008 x CX1834-1-6 was 
designated as Population 1, CX1834-1-6 x IA2050 as Population 2, and IA2068 x CX1834-
1-6 as Population 3. The F1 seeds from each cross were planted during October 2001 at the 
Iowa State University-University of Puerto Rico soybean breeding nursery at Isabela, PR. 
The soil type is a Coto clay (very-fine, kaolinitic, isohyperthermic Typic Eutrustox). The F1 
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plants of Population 1 were confirmed as hybrid by flower color. IA1008 had white flowers, 
CXl 834-1-6 had purple flowers, and the hybrid plants had purple flowers. For Populations 2 
and 3, leaves from the F 1 plants were harvested and analyzed with DNA markers to confirm 
hybrids. The confirmed F 1 plants of each population were threshed in bulk. 
For each population, 350 F2 seeds and 50 seeds of each parent were planted at 
Isabela, PR, during February 2002. Each F1plant was harvested individually and the seed of 
each parent was harvested in bulk. 
Two sets of 110 entries were planted for each population in May 2002 at the 
Agricultural and Agronomy Research Center near Ames, IA. Each set contained 105 F1:J 
lines from a population and five checks, which were the two parents used to form the 
population and three high-yielding NP cultivars or lines of different maturity groups. Each 
set was grown as a randomized complete-block design with one replication planted at the 
Agronomy Farm and one replication at the Burkey Farm. The soil type at both locations is a 
Nicollet loam (fine-loamy, mixed, superactive, mesic Aquic Hapludoll). For each plot, 20 
seeds were planted in single rows 0.76 m long with a row spacing of 1.02 m between plots 
and a 1.07 m alley between the ends of plots. 
Maturity date was recorded when 95% of the pods in a plot had reached their mature 
color. Each plot was harvested in bulk with a single-row self-propelled combine (Almaco, 
Nevada, IA). After harvest, 23 individual seeds from each F2:3 line were evaluated for the 
high inorganic P phenotype associated with the low phytate trait using the colorimetric 
method described in Wilcox et al. (2000), itself a modification of the method as described by 
Raboy et al. (2000). It was necessary to evaluate 23 individual seeds to have a 95% 
probability of differentiating the homogeneous NP lines that originated from F2 plants with 
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the genotypes Phal Phal Pha2Pha2, Phal Phal Pha2pha2, Phal phal Pha2Pha2, 
Pha1Phalpha2pha2, and phalpha1Pha2Pha2 from the heterogeneous lines that originated 
from the F2 genotype Phalpha1Pha2pha2 (Sedcole, 1977). The test also identified the 
homogeneous LP lines. After testing, 10 LP and 10 NP F2:4 lines were selected from each 
population. Each LP line was matched with an NP line of similar maturity to minimize the 
influence of maturity on the other agronomic and seed traits. 
The 20 lines selected from each cross were grown as a separate experiment in a 
randomized complete-block design with two replications at Ames, Carlisle, and Rippey, IA, 
in May 2003. The soil type at Carlisle is a Tama silty clay loam (fine-silty, mixed, 
superactive, mesic Typic Agriudoll) and at Rippey is a Nicollet loam (fine-loamy, mixed, 
mesic Aquic Hapludoll). The two-row plots were 3.05 m long with 0.69 m between rows 
within a plot, 1.02 m between rows of adjacent plots, and a 0.91 m alley between the ends of 
plots. The seeding rate was 30 seeds m·1 of row. 
Total P, phytate P, and inorganic P were measured on the F 2:4 seed used for planting 
in 2003. Two replications of the F2:4 seed were analyzed in duplicate. Samples of mature 
seeds were dried for 48 h at 60°C, milled to pass through a 20-mm screen, and stored in a 
desiccator until analysis. Total P was determined following wet-ashing of 150 mg of a 
ground sample with a colorimetric assay of digest P (Chen et al., 1956). Inorganic P was 
determined colorimetrically following extraction of0.5 g of a ground sample in 12.5% (w/v) 
TCA and 92 mM MgC}i. The ferric-precipitation method was used to determine phytate P 
(Raboy et al., 2000). A 0.5 g sample was extracted in 0.4 M HCl:0.7 M Na2S04. Phytate P 
was obtained as a ferric precipitate, wet-ashed, and assayed for Pas in the total P analysis. 
Phytate P was expressed as its P (atomic weight 31) content to facilitate comparisons 
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between seed P fractions. To confirm the accuracy of the ferric-precipitaion method, phytate 
P also was analyzed in each sample comprising the first replicate using an anion-exchange 
HPLC method for seed phytate P as described in Dorsch et al. (2002). The values for phytate 
P obtained via the ferric-precipitation method were found to be in good agreement with the 
values obtained via HPLC. Other P was determined by subtracting phytate P and inorganic P 
from total P. Other P represents the sum of P compounds including RNA, DNA, protein, 
lipids, and starches. 
Data were collected on all plots for seedling emergence, plant density, yield, maturity, 
height, lodging, seed size, protein, oil, and fatty ester content. Emergence and plant density 
were determined by counting the number of plants in a plot at the V2 stage, when the 
trifoliate at the node above the unifoliate was fully developed (Fehr and Caviness, 1977). 
Emergence percentage was computed by dividing the number of plants in a plot by the 180 
seeds planted in each plot and multiplying the quotient by 100. The number of plants in a 
plot was converted to plant density in plants m ·2. Maturity was recorded as the number of 
days after 31 August when 95% of the pods in a plot had reached their mature color. Height 
was measured in centimeters at plant maturity as the distance from the soil surface to the 
terminal node. Lodging was recorded at maturity on a scale of 1 (erect) to 5 (prostrate). The 
plots were harvested with a two-row self-propelled plot combine (Almaco, Nevada, IA), and 
the weight and moisture content of the seed was recorded. Yield of each plot was adjusted to 
a 13%-moisture basis. Seed size for each plot was measured by weighing 400 whole seeds. 
Protein, oil, and moisture content were measured on a 300-g sample with a whole grain near-
infrared reflectance analyzer (Infratec, Hooganas, Sweden). Protein and oil content were 
adjusted to a 13%-moisture basis. Fatty ester content was measured on two five-seed 
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samples per plot by gas chromatography as described by Hammond (1991). The mean of the 
two samples for a plot was used for analysis of the fatty ester data. 
The data for each trait were analyzed as a randomized complete-block design using 
the linear model procedure of the SAS statistical software (release 8.02)(SAS Institute, 
2001 ). Replications and environments were considered random effects. Types and 
genotypes within types were considered fixed effects. The significance of the main effects 
and interactions was determined by an F-test. The environment x main effect interactions 
were used to test the significance of the main effects for all traits in the combined analysis of 
variance across environments. Phenotypic correlations among traits were determined using 
the CORR procedure of SAS statistical software (release 8.02)(SAS Institute, 2001 ). 
Significance of all results is reported at the 5% probability level, unless otherwise stated. 
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Results and Discussion 
The mean total P content of the LP and NP lines was not significantly different in any 
of the populations (Table 1). The proportion of phytate P, inorganic P, and other Pin the two 
types of lines was significantly different in all of the populations. Averaged across 
populations, the LP lines had 24. 9% phytate P, 3 8. 0% inorganic P, and 3 7 .1 % other P while 
the NP lines had 71.4% phytate P and 3.8% inorganic P, and 24.8% other P. 
The reduced phytate P and increased inorganic P for the LP lines was expected based 
on previous research (Wilcox et al., 2000). Previous research did not report the differences 
between LP and NP genotypes for other P. Other P was significantly higher in LP lines than 
NP lines in all populations, because the sum of phytate P and inorganic P was lower in LP 
lines, while total P was the same for the two types. This suggested that the inability of LP 
seeds to store phytate P caused an increase in inorganic P and an increase in one or more of 
the other P-containing compounds in the seed. Additional research is needed to confirm that 
other Pis increased in soybean LP seeds compared with NP seeds and to identify the other P-
containing compounds that are affected. 
The mean seedling emergence percentage and plant density for the LP lines was 
significantly lower than for the NP lines in the three populations (Table 1). Averaged across 
populations, the LP lines were 23 percentage units lower in emergence and 7.9 plants m·2 
lower in plant density than the NP lines. Hulke et al. (2004) compared the emergence of LP 
lines with the phalphalpha2pha2 genotype and NP lines. All of their lines had reduced 
palmitate, instead of the normal palmitate of lines in our study. Their LP lines had 22.3 
percentage units less emergence than the NP lines. Meis et al. (2003) also observed a 
reduction in seedling emergence for LP lines with the mips allele. The percentage reduction 
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in emergence of their mips lines was influenced by the environment in which the seed was 
produced. The mips lines grown from seed obtained from temperate seed sources had a mean 
field emergence of 63%, while the same lines grown from seed obtained from subtropical 
seed sources had a mean field emergence of 8%. Mips lines from temperate seed sources had 
a mean field emergence of 77% compared with a mean field emergence of 83% from 
subtropical seed sources. 
There was a significant difference among environments for seedling emergence of the 
LP and NP lines in the three populations (Table 2). The LP lines had lower emergence than 
the NP lines in all of the environments, but the magnitude of the difference between the two 
types varied across environments, which resulted in a highly significant (P<0.01) 
environment x type interaction. The inconsistent emergence percentage among 
environments would make it difficult to predict the seeding rate to use for LP lines in 
commercial plantings to achieve an acceptable plant density. It may be necessary to develop 
LP cultivars with normal seedling emergence before LP soybeans can be produced 
commercially over a range of environments. 
The feasibility of developing LP cultivars with normal emergence was evaluated by 
examining the variation among lines within the LP type (Tables I, 2, and 3). There were 
significant differences in emergence among LP lines at each environment and combined 
across environments for the three populations. The interaction of environment x lines within 
LP type was significant (P<0.05) for Population 1, but was not significant for the other two 
populations. It should be possible to select for improved seedling emergence among LP 
lines. 
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If increased emergence was due to an increase in phytate P, it may be difficult to 
develop cultivars with desirable levels of the two traits. The phenotypic correlation 
coefficients between emergence percentage and phytate P were positive and significant when 
all of the lines were included, but were not significant when the LP and NP lines were 
evaluated independently (Table 4). The correlations between emergence and phytate P for 
LP lines were not consistent among populations, with negative coefficients in Populations 1 
and 3 and a positive coefficient in Population 2. The phytate P of the LP line with the 
greatest emergence was less than that of the line with the lowest emergence in Population 1, 
but greater in Populations 2 and 3 (Table 3). Emergence and yield may be highly correlated 
with phytate P, but it may not be directly due to differences in phytate P. The results 
indicated that selection for increased seedling emergence among LP lines would not 
consistently result in an increase in phytate P. 
Selection for increased seedling emergence among LP lines was associated with a 
decrease in total P, inorganic P, and other P (Table 3). The phenotypic correlation 
coefficients between emergence and total P for LP lines were negative for all of the 
populations and significant for Populations 1 and 3 (Table 4). The correlation coefficients 
between emergence and inorganic P were negative for all the populations, but significant 
only for Population 3. The correlation coefficients between emergence and other P were 
negative for all of the populations, but were not significant. The change in total P was 
positively correlated with the change in inorganic P and other P for all of the populations. 
The LP line with the greatest emergence percentage had lower total P and inorganic P than 
the line with the lowest emergence for all of the populations and lower other P in populations 
1 and 2, although the differences between the two lines were not always significant. These 
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results indicated that selection for increased emergence among LP lines may result in a 
decrease in total P, inorganic P, and other P. The physiological basis of the relationship of 
seedling emergence with total P, inorganic P, and other Pin LP lines is not known and would 
be appropriate to investigate in future research. 
The LP lines had significantly lower mean seed yields than the NP lines in all the 
populations, although the difference between the two types was only significant in 
Population 1 (Table 1 ). The differences in yield between the two types were due, at least in 
part, to their differences in emergence percentage and plant density. The phenotypic 
correlations of emergence and plant density with yield were highly significant when all lines 
were included in the analysis, and when the LP lines were considered independently (Table 
4). The difference in plant density between the two types of lines made it difficult to assess 
the influence of the LP on yield. There were LP lines that yielded more than some of the NP 
lines, which suggested that the LP trait per se may not be associated with a yield reduction 
(Table 1). On the other hand, the highest yielding line in each population was a NP type. To 
effectively assess the relationship between the LP trait and yield, the reduction in emergence 
of LP ljnes will have to be overcome by additional breeding or the plots of the LP and NP 
lines will have to be overplanted and thinned to a common plant density. 
The lack of significant differences in the mean maturity of the LP and NP lines was 
expected because each LP line selected for the study was matched with a NP line of similar 
maturity to minimize the influence of the trait on the other characteristics that were evaluated 
(Table 1 ). There was no significant difference between the two types of lines for lodging 
score, and the mean plant height was similar between the two types with a maximum 
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difference of 6 cm in Population 3. It should be possible to develop LP cultivars with 
maturity, lodging, and plant height comparable to NP cultivars. 
The mean seed size of LP and NP lines was not significantly different in any of the 
populations (Table 1). There were no consistent differences between the LP and NP lines in 
the three populations for protein, oil, and fatty ester content. The ranges among lines for the 
two types were similar for all the seed traits, which indicated that it should be possible to 
develop LP cultivars that are similar to NP cultivars for the seed traits that were evaluated in 
the study. 
The primary challenge for development and commercialization of LP cultivars with 
the phal phal pha2pha2 genotype will be the reduction in seedling emergence. Additional 
research will be needed to determine if the reduction in emergence can be overcome, if the 
LP trait has a influence on seed yield independent of the reduction in emergence, and if the 
influence of seed source on emergence reported by Meis et al. (2002) for LP lines with the 
mips allele also applies to lines with phal and pha2 alleles. 
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Table 1. Mean agronomic and seed traits of 10 low- and 10 normal-phytate soybean 






























Inorganic P LP 3.20** 2.70-3.53** 2.77** 2.21-3.27** 3.10** 2.68-4.09** 










1.88 l .57-2.56ns 
*,**Differences between the means of the two types or the means of the lines within 
each type were significant at the 0.05 and 0.01 probability levels, respectively. 
t ns = Differences between the means of the two types or the means of the lines within 
each type were not significant at the 0.05 probability level. 
t LP = low-phytate lines, NP = normal-phytate lines. 
§ Other P = total P - (phytate P + inorganic P). 
ii Days after August 31. 
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#Lodging score= 1.0, plants erect, to 5.0, plants prostrate. 
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Table 1. Continued. 
Population 
1 2 3 
Trait Typet x Range x Range x Range 
Emergence LP 41 * 16-54** 54* 36-66** 41** 19-54** 
(%) NP 64 52-72** 73 60-79** 68 62-74* 
Density LP 14.2* 5.4-18.6** 18.6* 12.5-22.9** 14.2** 6.7-18.8** 
(plts m-2) NP 22.1 18.0-24.9** 25.3 21.0-27.3** 23.4 21.6-25.7* 
Yield LP 1616* 975-1993** 171 lns 1278-2009** 1778ns 1277-2094** 
(kg ha-1) NP 1993 1546-2293** 1842 1607-2225** 2076 1892-2415* 
Maturity LP 18ns 13-20** 
(d) ~ NP 16 9-20** 
Lodging LP 2.lns 1.7-2.6* 


















Table 1. Continued. 
Population 
1 2 3 
Trait Typet x Range x Range x Range 
Height LP 96ns 79-113** 77ns 70-85** 79** 73-90** 
(cm) NP 100 82-118** 79 72-83** 85 75-96** 
Seed size LP 143ns 134-164** 131ns 116-144** 131ns 122-145** 
(mg sd-1) NP 140 124-153** 128 110-142** 127 114-145** 
Protein LP 375ns 354-400** 374* 363-396** 362ns 349-380** 
362-383* 389 376-400** 369 350-386** 
Oil LP 171** 151-184** 174* 150-185** 181ns 171-187** 
168-188** 168 153-180** 181 169-190** 
Palmitate LP 119* 114-122 * 116ns 99-122** 116** 111-120** 
107-123** 115 110-122** 109 98-116** 
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Table 1. Continued. 
Population 
1 2 3 
Trait Typei x Range x Range x Range 
Stearate LP 54** 46-63** 51ns 47-54** 52ns 48-59** 
(g kg-I) NP 48 45-51 ** 48 45-50ns 50 46-57** 
Oleate LP 23 lns 205-242** 244* 232-267** 242ns 227-269** 
223-263** 237 226-247** 242 231-268** 
Linoleate LP 524** 513-548** 517ns 505-528* 520* 499-538** 
(g kg"1) NP 533 515-545** 522 512-530* 528 505-539** 
Linolenate LP 72ns 67-83 * * 74* 54-83** 69ns 63-75** 
(gkg-1) NP 73 68-78** 79 76-83* 71 67-74* 
40 
Table 2. Mean seedling emergence of 10 low- and 10 normal-phytate soybean 
lines from each of three populations at three Iowa environments in 2003. 
Environment 
Ames Carlisle Rippey 
Population Typet x Range Range x Range 
--------------------------------------~-------------------------------
1 LP 24** 7-37** 
NP 51 41-65** 
2 LP 36** 17-53** 
NP 63 48-71 * 
3 LP 26** 9-38** 











51 ** 22-69** 
75 68-80ns 
*, * * Differences between the means of the two types or the means of the lines 
within each type were significant at the 0.05 and 0.01 probability levels, 
respectively. 
t ns = Differences between the means of the two types or the means of the lines 
within each type were not significant at the 0.05 probability level. 
t LP = low-phytate lines, NP = normal-phytate lines. 
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Table 3. Mean agronomic and seed traits of 10 low-phytate lines in each of three 
populations averaged over three Iowa environments in 2003. 
Entry Emergencet Plant densityt Total Pt Phytate Pt Inorganic Pt Other Pt§ Yieldt 
% pits m·2 mg g·I mg g·I mgg·I mg g·I kg ha·1 
Population 1 
747009 16 5.4 8.92 2.24 3.53 3.15 
747011 33 11.6 8.00 2.33 2.79 2.88 
747015 35 12.l 8.67 2.24 3.52 2.91 
747017 38 13.2 8.06 1.72 3.22 3.12 
747003 40 13.7 8.52 1.98 3.50 3.04 
747013 41 14.l 8.01 2.45 2.70 2.86 
747001 50 17.2 8.15 1.86 3.08 3.21 
747005 51 17.8 7.68 1.84 3.11 2.73 
747007 53 18.2 7.91 2.12 3.17 2.62 
747019 54 18.6 8.34 1.88 3.36 3.10 
LSDo.os 6 2.1 0.44 0.37 0.45 0.42 
t Mean of two replications at each of three Iowa environments in 2003. 
t Mean of two replications of analysis for samples of the seed planted at the three Iowa 
environments in 2003. 













Table 3. Continued. 
Entry Emergencet Plant densityt Total Pt Phytate Pt Inorganic Pt Other Pt§ Yieldt 
% plts m· - - - - kg ha· mgg mgg mgg mgg 
Population 2 
747029 36 12.5 8.61 1.93 3.27 3.41 1278 
747037 48 16.7 8.23 1.80 3.10 3.33 1628 
747033 51 17.7 7.12 1.91 2.42 2.79 1754 
747027 52 18.1 7.85 1.71 2.90 3.24 1462 
747025 53 18.4 7.32 1.95 2.79 2.58 1663 
747031 55 19.0 7.61 2.74 2.21 2.66 1809 
747021 57 19.7 7.35 1.88 2.70 2.77 1831 
747023 57 19.9 7.53 2.00 2.43 3.10 2009 
747035 60 20.9 7.61 1.80 2.78 3.03 1783 
747039 66 22.9 7.89 2.02 3.05 2.82 1897 
LSDo.os 7 2.4 0.94 0.36 0.34 0.85 224 
43 
Table 3. Continued. 
Entry Emergencet Plant densityt Total Pt Phytate Pt Inorganic Pt Other Pt§ Yieldt 
% plts m· - mgg - mgg - kg ha-mgg mgg 
Population 3 
747045 19 6.7 8.87 1.91 4.09 2.87 1277 
747041 30 10.5 8.97 2.29 2.94 3.74 1570 
747043 33 11.6 7.87 1.93 2.96 2.98 1673 
747055 37 12.8 7.82 1.96 3.06 2.80 1770 
747053 39 13.5 7.91 1.78 3.23 2.90 1779 
747051 45 15.7 7.78 1.81 3.08 2.89 2094 
747047 49 17.0 7.37 1.73 2.99 2.65 1809 
747059 51 17.7 7.59 1.71 3.03 2.85 1801 
747049 52 18.1 7.61 1.96 2.94 2.71 2067 
747057 54 18.8 7.64 1.96 2.68 3.00 1936 
LSDo.os 6 2.0 1.31 0.37 0.44 1.20 231 
44 
Table 4. Phenotypic correlation coefficients between traits for low-phytate, normal-
phytate, and all soybean lines from three populations. 
Population Trait Typet Yield Phytate P Inorganic P Other Pt Total P 
1 Emergence(%) LP 0.88** -0.48 -0.25 -0.34 -0.67* 
and 







NP 0.29 0.45 














-0.25 -0.13 0.17 
-0.81 ** -0.75** -0.36 
-0.47 -0.45 -0.74* 
-0.15 0.33 0.59 












*, ** Differences were significant at the 0.05 and 0.01 probability levels, respectively. 
45 
t LP= low-phytate lines, NP= normal-phytate lines, All= both LP and NP lines. 
t Other P = total P - (phytate P + inorganic P). 






































































































































ANALYSES OF VARIAN CE FOR AGRONOMIC AND SEED TRAITS 
ACROSS ENVIRONMENTS 
49 
The additive model for the analysis of variance for agronomic and seed traits across 
environments was: 
Tijkt = µ + Ei + RIEjti + T k + LIT11k + ETik + EL/Tillk + eijkb 
where 
Yijkt = the mean value of the 1th line in the kth type in the jth replication at the 
i1h environment, 
µ = the overall mean, 
Ei = the effect of the i1h environment, 
R/Eyi = the effect of the jth replication nested within the ith environment, 
T k = the effect of the kth type, 
L/T1/k = the effect of the 1th line within the kth type, 
ETik = the effect of the interaction between the ith environment and the kth type, 
EL/Tikll = the effect of the interaction between the i1h environment and the 1th 
line within the k1h type, and 
eijk = the overall error. 
The replications/environments mean squares were used to test the effect of 
environments. The environment x type interaction mean squares were used to test the effect 
of the normal- (NP) and low-phytate (LP) types. The environment x lines/types, 
environment x lines/NP type, and environment x lines/LP type mean squares were used to 
test the effects of lines/types, lines/NP type, and lines/LP type (Table Al). 
50 
Table Al. Analysis of variance and expected mean squares for each population across 
three Iowa environments in 2003. 
Degrees of 
Sources of variation freedom df Expected mean squares 
Environments (E) e-1 2 2 1 2 1 2 er e + ter RJE+ rter E 
Replications/Environments (r-l)e 3 2 I 2 er e + ter RJE 
(R/E) 
Types (T) t-1 1 er2 e + rler2 ET + rel<!>T 
Lines/Types (LIT) t(l-1) 18 2 2 <I> er e + rer E(UT) + re ur 
Lines/NP Type (L/NPT) np-1 9 er2e + rlper2E(UNPT) + re<!>UNPT 
Lines/LP Type (L/LPT) lp-1 9 2 2 <I> er e + mper E(ULPT) + re ULPT 
ExT ( e-1 )(t-1) 2 2 I 2 ere+rerET 
Ex LIT ( e-1 )(1-1 )t 36 2 2 er e + rer E(UT) 
ExL/NPT (e-l)(np-1) 18 2 1 2 er e + r per E(UNPT) 
Ex L/LPT (e-l)(lp-1) 18 2 2 er e + mper E(ULPT) 
Error e(r-1 )(1-1) 57 er2e 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































ANALYSES OF VARIAN CE FOR AGRONOMIC AND SEED TRAITS 
AT INDIVIDUAL ENVIRONMENTS 
58 
The additive model for the analysis of variance for agronomic and seed traits at individual 
environments was: 
Yijk = µ + Ri + Tj + L/Tklj + eijk, 
where 
Yijk = the observed value of the kth line within the jth type in the 
ith replication, 
µ = the overall mean, 
Ri = the effect of the ith replication, 
Tj = the effect of the fh type, 
L(T)jk = the effect of the kth line within the jth type, and 
eijk = the error of the effect of the ijkth observation. 
The replication x type interaction sum of squares were pooled with the error _sum of 
squares to obtain the mean squares for testing the significance of all main effects. 
59 
Table Bl. Analysis of variance and expected mean squares for a population at an 
individual environment in 2003. 
Sources of variation Degrees of freedom df Expected mean squares 
Replications r-1 1 2 1 2 O'e+tcrR 
Types t-1 1 cr2e + rl<j>T 
Lines/Types (1-1 )t 18 cr2 e + r<J>(UT) 
Lines/NP Type np-1 9 cr2 e + rlp<!>(UNPT) 
Lines/LP Type lp-1 9 cr2 e + rnp<!>(ULPT) 
Error t(r-1 )(1-1 )+(r-1 )(t-1) 19 0'2e 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































ANALYSES OF VARIANCE FOR TOTAL P, PHYTATE P, INORGANIC P, AND 
OTHERP 
79 
The additive model for the analysis of variance of the content of total P, phytate P, inorganic 
P, and other P was: 
where 
Yijk = the observed value of the jth entry in the 
ith replication, 
µ = the overall mean, 
Ri = the effect of the ith replication, 
Ej = the effect of the jth entry, 
eij = the error of the effect of the ijth observation. 
Table Cl. Analysis of variance and expected mean squares for total P, 
phytate P, inorganic P, and other P of the 70 entries that were evaluated 
(Appendix D). 
Sources of variation Degrees of freedom df Expected mean squares 
Replications r-1 1 cr2 e + ecr2R 
Entries e-1 69 cr2e + r~E 
Error (r-l)(e-1) 69 cr2 e 
This analysis of variance was used to derive error estimates for comparing the 70 
entries, including the parents and checks, for agronomic and seed traits (Appendix Table D4). 
80 
The additive model for the contents of total P, phytate P, inorganic P, and other P of lines in 
each population was: 
Yijk = µ + Ri + Tj +LIT klj + eijk, 
where 
Yijk = the observed value of the kth line within the jth type in the 
ith replication, 
µ = the overall mean, 
Ri = the effect of the ith replication, 
Tj = the effect of the jth type, 
L(T)jk = the effect of the kth line within the jth type, and 
eijk = the error of the effect of the ijkth observation. 
The replication x type interaction sum of squares were pooled with the error sum of 
squares to obtain the mean squares for testing the significance of all main effects. 
81 
Table C2. Analysis of variance and expected mean squares for total P, phytate P, 
inorganic P, and other P for each population. 
Sources of variation Degrees of freedom df Expected mean squares 
Replications r-1 1 2 l 2 O"e+tcrR 
Types t-1 1 0'2e+ r}~T 
Lines/Types (l-1 )t 18 cr2 e + r~(Uf) 
Lines/NP Type np-1 9 0'2 e + rlp~(UNPT) 
Lines/LP Type lp-1 9 cr2 e + mp~(ULPT) 
Error t(r-1 )(1-1 )+(r-1 )(t-1) 19 0'2e 
Total rlt-1 39 
82 
Table C3. Analysis of variance for total P of the 
70 entries that were evaluated (Appendix D). 
Sources of variation df Mean squares for total P 
Replications 1 74.402 ** 
Entries 69 28.428 ** 
Error 69 8.536 
** Significant at the 0.01 probability level. 
Table C4. Analysis of variance for individual populations for total P. 
Mean squares for total P 
Sources of variation df Population 1 Population 2 Population 3 
Replications 1 21.047** 26.992 ** 16.790 ** 
Types 1 0.131 0.051 0.002 
Lines/Types 18 0.274** 0.306 * 0.387 
Lines/NP Type 9 0.259* 0.206 0.192 
Lines/LP Type 9 0.289 ** 0.405 * 0.582 * 
Error 19 0.075 0.138 0.192 
*, ** Significant at the 0.05 and 0.01 probability levels, respectively. 
83 
Table CS. Analysis of variance for phytate P of the 
70 entries that were evaluated (Appendix D). 
Sources of variation df Mean squares for phytate P 
Replications 1 9.267 ** 
Entries 69 6.974** 
Error 69 0.078 
** Significant at the 0.01 probability level. 
Table C6. Analysis of variance of individual populations for phytate P. 
Mean squares for phytate P 
Sources of variation df Population 1 Population 2 Population 3 
Replications 1 2.397 ** 2.965 ** 2.443 ** 
Types 1 134.641 ** 125.294** 150.355 ** 
Lines/Types 18 0.148 0.191 0.246 ** 
Lines/NP Type 9 0.176* 0.220 0.436** 
Lines/LP Type 9 0.119 0.162 0.056 
Error 19 0.069 0.121 0.058 
*,**Significant at the 0.05 and 0.01 probability levels, respectively. 
84 
Table C7. Analysis of variance for inorganic P of the 
70 entries that were evaluated (Appendix D). 
Sources of variation df Mean squares for inorganic P 
Replications 1 31.153 ** 
Entries 69 7.566 ** 
Error 69 0.184 
** Significant at the 0.01 probability level. 
Table C8. Analysis of variance for individual populations for inorganic P. 
Mean squares for inorganic P 
Sources of variation df Population 1 Population 2 Population 3 
Replications 1 0.236** 0.050 0.371 ** 
Types 1 83.405 ** 60.819** 78.439** 
Lines/Types 18 0.231 0.119 0.141 
Lines/NP Type 9 0.029 0.012 0.002 
Lines/LP Type 9 0.171 ** 0.225** 0.280** 
Error 19 0.027 0.014 0.030 
** Significant at the 0.01 probability level. 
85 
Table C9. Analysis of variance for other P of the 
70 entries that were evaluated (Appendix D). 
Sources of variation df Mean squares for other P 
Replications 1 41.560 ** 
Entries 69 0.640** 
Error 69 0.216 
** Significant at the 0.01 probability level. 
Table C8. Analysis of variance for individual populations for other P. 
Mean squares for other P 
Sources of variation df Population 1 Population 2 Population 3 
Replications 1 12.426** 13.675 ** 9.886** 
Types 1 8.027** 10.039** 11.267 ** 
Lines/Types 18 0.148 0.125 0.230 
Lines/NP Type 9 0.220 0.082 0.138 
Lines/LP Type 9 0.075 0.167 0.184 
Error 19 0.203 0.220 0.286 
** Significant at the 0.01 probability level. 
86 
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PHENOTYPIC CORRELATION COEFFICIENTS AMONG 
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